This study was conducted to investigate the effect of pH on the formation of furfural compounds from glucose and fructose reacting with amino acid enantiomers in the Maillard reaction. Hydroxymethylfurfural (HMF) content was highest at pH 4.0, and decreased with increasing pH. HMF was significantly higher in glucose-based systems than fructose-based systems. Furfuryl alcohol (FFA) and 5-methyl-2-furaldehyde (MF) were not increased with increasing pH, and only small amounts were formed. In addition, 2-furaldehyde (F) was found to increase in the systems, as pH increased. However, the content was small and variable. 2,5-Dimethyl-4-hydroxy-3(2H)-furanone (DMHF) was only found in Glc/D-Asn, Glc/L-Lys and Fru/D-Lys system, but the content was not increased with increasing pH. 2-acetylfuran (AF) was higher in Glc (or Fru)/L-Lys and Glc (or Fru)/D-Lys systems at pH 7.0. However, at pH 4.0, the content of AF was higher in the Glc (or Fru)/Gly and Glc (or Fru)/L-Asn systems. Therefore, this study aimed to observe the effect of pH, sugars and amino acid enantiomers on the production of furfural and related compounds by the Maillard reaction. A clear tendency was observed for some classes of compounds to be more easily formed at higher or lower pH. HMF was more readily formed at lower pH, while FFA, F, DMHF and MF were inhibited by acidic conditions. Particularly, compounds like FFA, F and MF were not affected by pH changes. In addition, DMHF and MF were only formed in L-Lys and D-Lys system.
INTRODUCTION
The reaction between reducing sugars and amino acids is known as the Maillard reaction or non-enzymic browning reaction (1) . The Maillard reaction is a complicated reaction that produces a large number of the so-called Maillard reaction products (MRPs) such as aroma compounds, ultra-violet absorbing intermediates, and dark-brown polymeric compounds named melanoidins (2) .
The conversion of free or protein-or peptide-bound physiological L-amino acids into their mirror images (enantiomers) named D-amino acids is of great nutritional and physiological interest (3) . The change of chirality in amino acids is commonly referred to as racemization or epimerisation if several chiral centers are involved, although, in the strict sense, racemic amino acids contain equal amounts of D-and L-amino acids (4) . The Maillard reaction can also explain the formation of D-amino acids in food. Brückner et al. (4) have recently pointed out that D-amino acids are formed during heating of aqueous solutions of L-amino acids (2.5 mM) together with an excess (278 mM) of saccharides (glucose, fructose, and saccharose) at 100 o C for 24～96 h in aqueous solutions of pH 2.5 (AcOH) or pH 7.0 (NaOAc). Thus, the formation of D-amino acids in many foods of plant and animal origin is the result of non-enzymic browning since the presence of amino acids together with saccharides is common. As for the racemization mechanism, it is postulated that the reaction of amino acids with glucose or fructose starts with the reversible formation of Schiff bases. The degree of racemization depends in particular on steric and electronic properties of the amino acid side chains. It should be noted that the early stages of the Maillard reaction proceeds readily under mild conditions (4,5) and do not require alkaline or acidic condition. This new racemization mechanism based on the relatively stable Amadori compounds has been used to explain the generation of free D-amino acid in foods such as dried fruits, concentrated plant juices and fortified wines (6) . Recently, experiments in which synthetic Amadori compounds are heated have demonstrated that they are sources of amino acid-enantiomers (7) (8) (9) . Amino acid racemization, however, is very much dependent on temperature, pH, and presence of catalysts (10) . Furthermore, convincing evidence has recently been established that D-amino acids are formed in the course of the Maillard reaction (4, 7, 8) .
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Non-enzymic browning has been considered one of the major causes of quality and colour loss during the processing and storage of food products. Some furanic compounds, one class of heterocyclic compounds that have been reported in a wide variety of food systems (11) , were produced from the degradation of sugars by heating. 5-Hydroxymethylfurfural (5-HMF) and furfural are the principal degradation products of the hydrolysis of hexoses and pentoses, respectively (12) . Furfurals are intermediary compounds in the formation of pigments (melanoidins) in the most advanced stages of the Maillard reaction (13) . The furfural group includes six different compounds: 5-hydroxymethyl-2-furaldehyde (HMF), furfuryl alcohol (FFA), 2-furaldehyde (F), 2,5-dimethyl-4-hydroxy-3(2H)-furanone (DMHF), 2-acetylfuran (AF) and 5-methyl-2-furaldehyde (MF). 5-HMF has been correlated with colour changes in fruit juices while furfural is widely accepted as an indicator of flavour changes (14) . DMHF, which is an important flavour compound that can be found in various fruits (15,16) and possesses stronger antioxidative activity (17) , is also one of the putative degradation products of sugars (18) and can be generated directly from hexoses (19) . AF and FFA are also the degradation products of sugars (11, 20) . F content has been demonstrated in several food matrices; for this reason, the F content is useful as an off-flavour indicator (21) (22) (23) (24) . In fact, when food is subjected to heat treatment and storage at inappropriate temperatures, different furfural derivatives (HMF, AF, FFA, DMHF, F and MF) can be generated, and these compounds serve as indicators of the extent of the Maillard reaction (25) (26) (27) . Despite the diverse applications of Maillard reaction in the food industry, no investigations, so far, have tried to identify the furfural components responsible for the characteristic flavours produced. In addition, no reports on the presence of furfural compounds due to different amino acid enantiomers are available. The objective of this study was, therefore, to investigate the effect of pH on the formation of furfural compounds derived from glucose and fructose reacting with amino acid enantiomers in Maillard reaction. 
MATERIALS AND METHODS
Chemicals
Preparation of Maillard reaction products (MRPs)
Glucose, fructose and amino acids were dissolved in 100 mL of 0.5 M sodium acetate buffer, pH 4.0, 0.5 M phosphate buffer, pH 7.0 or 0.5 M sodium carbonate buffer, pH 10.0 to obtain a final concentration of 1 M. Twelve model systems were prepared, composed of glu-
The reaction mixtures were then distributed among screw-capped glass, Schott tubes (16 × 160 mm), each containing a minimum of 10 mL. Model solutions, prepared at least in duplicate, were heated without pH control at 100 o C for 2 h. The heating was carried out in a silicone oil bath and the proper safety measures were taken. After heating, model solutions were withdrawn and immediately cooled in ice water.
Determination of furfurals compounds
The solutions were heated in a silicone oil bath for 2 h, followed by filtration through a Millex-HN nylon clarification kit with a 0.45 µm pore size (Millipore, Bedford, MA, USA). The filtrate was injected into a high-performance liquid chromatographic system (HP 1100 series, Hewlett Packard, Wilmington, DE, USA) that consisted of a Supelcosil LC-C18 Column (150 × 4.6 mm I.D. Data expressed as mM/L of furfural compound. 2) Values are mean±standard deviation of three experiments. 3) Means in a column followed by different superscripts are significantly different at the p<0.05 level.
AF, DMHF, FFA and MF (Fluka) were injected into the chromatographic system to identify the corresponding retention time and elution profile in the chromatogram of the browning sample solutions. Triplicate samples were prepared, and each sample was injected 3 times. Each experiment was repeated 4 times.
Statistical analysis
All experimental data were analyzed by analysis of variance (ANOVA) and significance of differences among means from triplicate analysis at (p<0.05) were determined by Duncan's multiple range tests using SPSS 12.0 for Windows (SPSS Inc., Chicago, IL).
RESULTS AND DISCUSSION
The results obtained in the determination of furfural compounds are shown in Tables 1, 2 and 3. Numerous furfural compounds can be formed in processed food during thermal processing or storage at inappropriate temperatures (28) . HMF is not present in fresh, untreated foods, but it is formed as an intermediate product of the Maillard reaction upon heating at high temperatures (29, 30) . It is also formed from the degradation of sugars as a result of caramelisation (31) . Although the toxicological relevance of HMF is not clear, as in vitro studies on genotoxicity and mutagenicity have given controversial results (32-34), its accumulation is considered an undesirable byproduct of the Maillard reaction. F is another common Maillard product, differing from HMF by the absence of the aldehyde group in 2 positions. Table 1 shows the content of furfural compounds by amino acids enantiomers at pH 4.0. In glucose-based systems, HMF, FFA, AF and MF were detected. Particularly, HMF and AF were found in all systems, except for the The content of furfural compounds formed in the presence of different amino acids enantiomers at pH 7.0 is shown in Table 2 . In glucose-based systems, all furfural compounds were detected. HMF and AF were found in all systems, except for the Glc system. The content of HMF (7.67 mM/L) and AF (8.79 mM/L) were highest in the Glc/D-Lys system. The content of HMF and AF in glucose-based systems exhibited the following order: D-Lys> L-Asn> L-Lys≥ D-Asn> Gly. Moreover, amounts of furfural compounds formed were significantly different according to amino acids enantiomers (p<0.05). The contents of HMF and AF in Glc/L-Asn and Glc/D-Lys system were more than their isomer. In addition, FFA and MF were present except in the Glc system, but the Data expressed as mM/L of furfural compound. 2) Values are mean±standard deviation of three experiments. 3) Means in a column followed by different superscripts are significantly different at the p<0.05 level. The content of furfural compounds by amino acids enantiomers at pH 10.0 is shown in Table 3 . In glucose-based systems, FFA, F, DMHF and MF were detected. However, the furfural compounds were not detected in Glc/Gly system. The content of FFA (0.04 mM/L) and MF (0.03 mM/L) were highest in the Glc system, while F was highest in the Glc/D-Lys system, but the content was small. Moreover, DMHF was only found in Glc/D-Asn and Glc/L-Lys systems. According to amino acids enantiomers, the furfural compounds were not significantly different, except for F of Glc/L-Lys and Glc/D-Lys. On the other hand, in fructose-based systems, all of the furfural compounds were detected. Only HMF and AF were found in Fru/Gly systems. The content of FFA and MF were highest in the Fru system, but the content was small. F was found in all systems, except for Fru and Fru/Gly systems. Furthermore, DMHF was only found in Fru/D-Lys systems, but in small quantities.
In summary, the content of HMF was highest at pH 4.0, and the content decreased with increasing pH. HMF was especially higher in glucose-based systems than in fructose-based systems. This higher conversion of glucose into HMF could be due to a glucose-specific reaction pathway involving a 1,2-endiol intermediate in acidic media (31, (35) (36) (37) . FFA and MF were not increased as the pH increased, and furthermore the content was quite small. In addition, F was found in most systems with increasing pH. However, the content was small and variable. Ferrer et al. (38) reported that F contents vary in an irregular way with the storage time and temperature. DMHF was only found in Glc/D-Asn, Glc/L-Lys and Fru/D-Lys systems, but the content was not increased. AF was high in Glc (or Fru)/L-Lys and Glc (or Fru)/D-Lys system at pH 7.0. However, at pH 4.0, the content of AF was higher in Glc (or Fru)/Gly and Glc (or Fru)/L-Asn systems. According to Mottram and Leseigneur (39) , concentrations of furans/furfural/ furanones (DMHF) dropped markedly as the pH increased in model systems containing ribose and amino acids.
In conclusion, this study observed the effect of pH, sugars and animo acid enantiomers on the different furfural contents in the Maillard reaction. A clear tendency was observed for some classes of compounds to be more readily formed at higher or lower pH. HMF was more readily formed at a lower pH, while FFA, F, DMHF and MF were inhibited by acidic conditions. Particularly, compounds like FFA, F and MF were not affected by pH changes. In addition, DMHF and MF were only formed in L-Lys and D-Lys systems.
